ABSTRACT GaN Schottky barrier diodes (SBDs) with low turn-on voltage are developed for microwave rectification. The diodes with reactively-sputtered TiN electrodes have a lower turn-on voltage compared with the diodes with Ni electrode, while the on-resistance, the reverse leakage current, and the reverse breakdown characteristics are comparable to each other. Theoretically, the SBDs with TiN electrodes can enhance the efficiency of a rectenna circuit at 2.45 GHz from 84% to 89% when the turn-on voltage decreases from 1.0 to 0.5 V.
I. INTRODUCTION
Wireless power transmission using microwave was developed fifty years ago [1] . Recently, it has been attracting much attention owing to the increasing demands for the various wireless technologies, such as electric vehicle power charging, energy harvesting [2] , ubiquitous power source [3] , and wireless power distribution within a building [4] . In the receiving terminal of a wireless power transmission system, which consists of DC/RF conversion, microwave transmission and RF/DC conversion, a so-called rectenna circuit is adopted to complete the RF to DC conversion [5] . The conversion efficiency strongly depends on the performance of the Schottky barrier diode (SBD) used in the rectenna circuit, such as on-resistance, off-capacitance, and turn-on voltage. To improve the efficiency, the reduction of the turn-on voltage to breakdown voltage ratio is very important [6] . As a wide bandgap semiconductor, gallium nitride (GaN) is regarded as a promising material compared with silicon and GaAs to realize high breakdown-voltage, low turn-on voltage to breakdown voltage ratio, and low-resistance devices [7] . However, the turn-on voltage of GaN SBD was about 0.8 V when a Ni electrode was adopted [8] . It is possible to reduce the turn-on voltage by using low work function metals [9] , [10] . In this case, attentions should be paid to suppress the leakage current due to the possible interface reaction. Other novel ideas are the proposals of using F-ion implantation [11] or recessed anode technique [12] to realize low turn-on voltage on AlGaN/GaN heterostructure and good results were achieved. Here, we propose an n − -GaN/n + -GaN structure to realize a quasi-vertical structure. By using this structure, low sheet resistance can be expected by adopting the n + -GaN access layer.
We have reported that good rectification characteristics could be obtained on GaN by reactive sputtering of some metals in a mixture gas ambient of Ar and N 2 . Some metal nitrides, such as TiN, TaN, MoN, and MoSiN, are possible candidates to develop Schottky contact on GaN due to their favorable work functions, low resistivity, thermal stability, and compatibility with high-k dielectric [13] , [14] . We have also found that TiN/W/Au gate stack structure on AlGaN/GaN heterostructure field-effect transistors (HFETs) showed good thermal stability even at the temperature of 800 • C [15] . In this paper, we will report GaN SBDs for microwave rectification with a low turn-on voltage by using reactively-sputtered TiN as the Schottky electrode.
II. TIN SYNTHESIS AND DEVICE FABRICATION
For film evaluation, TiN film with a thickness of 200 nm was formed on a sapphire substrate by reactive sputtering (DC, 75W) in Ar:N 2 (15:3 sccm) mixed gas atmosphere under 0.14 Pa, using a metal target of Ti with a purity of 99.99% [16] . The average sputtering rate is about 0.61 nm/min and the resistivity of the film is about 1.6×10 −4 cm. The X-ray diffraction (XRD) spectrum of the sample (Fig. 1) shows four peaks at 33.9 • , 35.9 • , 71.4 • , and 76.4 • . The peaks appear as a pair according to the radiation of Cu-K α (right) and Cu-K β (left). The first two and the next two peaks are corresponding to the TiN diffraction patterns of (111) and (222), respectively. Furthermore, the atomic force microscope (AFM) image of the film is shown in the inset of Fig. 1 . The root mean square surface roughness is about 0.38 nm, which implicates the smooth surface. The nitrogen content determined by x-ray photoelectron spectroscopy (XPS) is about 84.5%.
The cross sectional view of the GaN SBD for microwave rectification is shown in Fig. 2 . The epi-wafers are grown on a c-plane sapphire substrate with a buffer layer, an n + -GaN access layer (impurity density over 4×10 18 cm −3 ) and an n − -GaN drift layer. The thickness and sheet resistance of the n + -GaN access layer is about 3.5 µm and 25 /square, respectively. For the n − -GaN drift layer, the thickness is about 0.4 µm with an impurity density of 3×10 17 cm −3 .
The fabrication process started from the drift layer mesa formation by etching to the n + -GaN layer with inductively coupled plasma (ICP) dry etching. Deep trench isolation to the sapphire substrate was then conducted to reduce the pad capacitance of anode. After that, SiO 2 was deposited for surface protection. To form the cathode ohmic electrode, Ti/Al/Ni (30/120/40 nm) were deposited by sputtering followed by annealing at 850 • C for 1 min in N 2 ambient. The cathode electrodes were then thickened using gold electroplating. After cleaning in a BHF and a diluted HCl solution, TiN/Ni/Au (10/5/5 nm) thin film was deposited for anode Schottky electrode. For comparison, samples with Ni/Au (10/10 nm) electrode with an average sputtering rate of about 1.0 nm/min was also prepared by RF sputtering in Ar (30 sccm) gas atmosphere under a pressure of 0.14 Pa and a power of 10 W. Next, an Au film with thickness of about 1 µm was electroplated for the anode electrodes and the air-bridge interconnection. Finally, post-annealing at 300 • C was conducted for 10 min. A scanning electron microscope of a one-finger diode is shown in Fig. 3 .
III. DEVICE CHARACTERIZATION AND DISCUSSION
Three types of diodes were designed to evaluate the electrical properties: circular-type (no air-bridge) with a radius of 60 µm for the evaluation of Schottky characteristics, fingertype with a length of 50 µm and width of 4 µm, and dot-type with a radius of 5 µm for microwave application. TiN diode are around 0.59 eV and 1.07, respectively. On the other hand, they are around 0.87 eV and 1.23, respectively, for the Ni diode. Generally, the Ni has a higher work function (5.1 eV) than that of TiN (about 4.7 eV). The lower turn-on voltage is attributed to the lower work function of TiN [17] . However, the reverse current leakage of Ni is just about 1∼2 orders of magnitude lower than that of TiN diode, which is much higher than that calculated with the SBH of 0.87 eV. The increase of leakage current of the Ni diode is attributed to the interface states existing at the Ni/GaN interface caused by the interaction, leading to a defect-assisted tunneling effect [18] - [20] . The turn-on voltage, which is extracted by linear fitting the forward region [ Fig. 4(b) ], is about 0.38 and 0.77 V for TiN and Ni electrode, respectively. The corresponding capacitance-voltage (C-V) curves of the diodes are shown in Fig. 5(a) . The capacitances obtained from the circular diode at zero bias are about 2.48×10 −7 and 2.30×10 −7 F/cm −2 for the TiN and Ni diode, respectively. C-V method is also a convenient and common method for evaluating the Schottky barrier height, by which the built-in potential V bi can be extrapolated from the intercept in the voltage axis in the straight line of 1/C 2 versus V. One critical assumption to adopt this method is that the carrier concentration in the semiconductor remains constant. It is inapplicable when the 1/C 2 versus V plot is nonlinear due to the unconstant doping, such as during ion implantation, component diffusion or unintentional doping [21] . The carrier concentration profile of the samples, which was measured on the basis by standard C-V measurement, was found to be variable and exponentially increases with depth and can be fitted by n(x) = N 0 e αx , where α is a fitting constant, x is the distance from the surface and N 0 is the carrier concentration at the interface. Fig. 5(b) shows the measured and fitted carrier concentration profiles of Ni diode (N 0 =3.39×10 17 cm −3 , α=2.7×10 −3 cm −1 ) and TiN diode (N 0 =3.50×10 17 cm −3 , α=5.0×10 −4 cm −1 ). The exponential carrier profile is due to the unintentional doping of the sample by the MOCVD technique, where the doping comes mainly from the residual impurities and the defects. The impurities and defects decrease from the bottom towards the top during growth. Using the carrier concentration profiles shown above and Similar results were obtained for the finger-and dot-type SBDs, which are designed for microwave rectification by reducing the Schottky contact area. The I-V characteristics of the dot-type Schottky diodes with TiN and Ni electrode are shown in Fig. 6 , with an on-resistance of 9.0 and 11.0 , respectively. To verify the dependence of turn-on voltage upon the device type, the logarithmic and linear plots of the forward I-V characteristics of three types of TiN SBDs are shown in Fig. 7 . Obviously, all types of TiN SBDs show good rectifying characteristics. The circular-type SBD shows a relative lower saturation current density at high voltage due to the larger area. However, the extracted turn-on voltages for the circular-, finger-, and dot-type SBDs are around 0.38, 0.50 and 0.56V, respectively, showing slight dependence on device type.
The experimental I-V data of Schottky contact can be analyzed by the thermionic emission equation with series resistance. At forward-bias, the I-V characteristic is given as follows [22] :
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FIGURE 8. Fitting of the I-V characteristics of TiN Schottky diodes.
And it can be wrote as
where A e is the effective diode area, A* the effective Richardson constant of GaN, T the absolute temperature, q the electron charge, V the forward-bias voltage, k the Boltzmann constant, b the experimental zero-bias apparent barrier height and n the ideality factor. We first fit the I-V curves of TiN Schottky diodes with the equation (2) shown above. It shows that the Schottky barrier heights of the three samples are similar (about 0.6 eV), while the ideality factor (1.11, 1.15, and 1.17) and the series resistance (3.1, 5.0, and 8.4 ) increases with the area decreasing for the three diodes (Fig. 8) . To evaluate the effect of each parameter, we assume the barrier height (0.6 eV) and the series resistance (10 ) as constant and change the ideality factor (1.0, 1.1, 1.2), it can be understood that increasing of the ideality factor can cause the increase of turn-on voltage. On the other hand, assuming the barrier height (0.6 eV) and the ideality factor (1.0) as constant and changing the series resistance (10, 20, 30 ) , it indicates that the increasing series resistance can cause the decrease of current density, while the turn-on voltage extracted by linear fitting the forward region nearly is independent on the series resistance (Fig. 9) . So the increased ideality factor is responsible for the turn-on voltage increasing. The geometry-dependence of the ideality factor is considered to relate with the surface treatment before the anode metal deposition. It may become more difficult to clean the surface perfectly when the area is small.
The breakdown voltage (V BD ) of the dot-type diode is defined as the voltage corresponding to a sudden leakage current reduction or increasing, which is regarded as the breakdown point. The measured V BK is about 40 V for both the TiN and Ni diode, as shown in Fig. 10 . The measured V BK for circular-and finger-type TiN diodes are about 36 and 40 V, respectively, which are comparable with that of the dot-type diode. The breakdown occurred in the anode side. After breakdown, it became ohmic-like characteristics for the circular-type diode. For the other diodes, the current in both the forward region and the reverse region decreased. The difference on the breakdown characteristics is considered to relate with the device structure, with or without air-bridge. Furthermore, the breakdown voltage can be enhanced to about 90 V for the TiN diode fabricated on 1 µm thick drift layer with an impurity density of 1×10 17 cm −3 . It is also compatible with our reported result of the Ni diode which was fabricated on a wafer with a similar drift layer thickness and impurity density [8] . It is clear that the TiN diode has the similar breakdown voltage but a nearly half of the turn-on voltage comparing with the Ni diode, resulting in a reduction of the turn-on voltage to breakdown voltage ratio. Fig. 11 shows the measured Y-parameters as a function of bias voltage. The TiN diode shows a higher susceptance at reverse bias [ Fig. 11(a) ]. The conductance rises at about 0.33 and 0.75 V [ Fig. 11(b) ], which is consistent with the DC measurement. Assuming that the reflection is zero, microwave power is 1W and the load is 50 , we calculated that the efficiency of a rectenna circuit at 2.45 GHz can be enhanced from 84% to 89% when the turn-on voltage decreases from 1.0 to 0.5 V. 
